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. This study focuses on the shallow deformation that occurred during the 5 years following the Parkfield

. earthquake (28/09/2004, Mw 6, San Andreas Fault, California). We use Synthetic Aperture Radar
interferometry (INSAR) to provide precise measurements of transient deformations after the Parkfield
earthquake between 2005 and 2010. We propose a method to combine both ERS2 and ENVISAT
interferograms to increase the temporal data sampling. Firstly, we combine 5 years of available
Synthetic Aperture Radar (SAR) acquisitions including both ERS-2 and Envisat. Secondly, we stack
selected interferograms (both from ERS2 and Envisat) for measuring the temporal evolution of the
ground velocities at given time intervals. Thanks to its high spatial resolution, INSAR could provide new
insights on the surface fault motion behavior over the 5 years following the Parkfield earthquake. As a
complement to previous studies in this area, our results suggest that shallow transient deformations
affected the Creeping-Parkfield-Cholame sections of the San Andreas Fault after the 2004 Mw6
Parkfield earthquake.

The Parkfield section of the San Andreas Fault (SAF) in California (USA) is a 25km long dextral strike-slip fault
: lying at the boundaries between two main sections of the San Andreas Fault in California: the central section at
. its Northwestern limit and the Cholame-Carrizo section at its southeastern limit (Fig. 1). It is considered a transi-
tional zone between two contrasting mechanical behaviors (aseismic versus seismic). While the Central section is
: known to stably creep at a rate of 2-3 cm/yr!->, later referenced as the Creeping section, the Cholame-Carrizo sec-
© tion, later referenced as the Cholame section, is locked since 1857 (Fort Tejon earthquake, Mw 7.8)%"%. Since 1857,
. 6 quasi-similar Mw6 earthquakes have been recorded”!? at the Parkfield section, in 1857, 1881, 1901, 1922, 1934,
: 1966, and 2004. Until the earthquake of 28 September, 2004 (PKEQ), a mean recurrence time of 22 £ 5 years was
: proposed®!®. However, the PKEQ, 15 years delayed from the initial forecast, revealed that the recurrence time

could be more variable than expected from earlier studies. Synthetic Aperture Radar interferometry (InSAR), in

complement to field instrumentation, has provided evidence of transient deformations along the Parkfield section

of the SAF in relation to the PKEQ that are suspected to play a key role in the seismic cycle'"'2. In this work, we

concentrate on the near field of the fault trace. We aim to provide high spatio-temporal InSAR measurements
. after the PKEQ, from 2005 to 2010, to better constrain the spatio-temporal evolution of the fault displacement at
: the surface along the Parkfield section of the SAF.

- Transient Deformations at Parkfield Section

. During the time period from 1992-2004, the creep rate spatially decreased along the SAF: from about 2 cm/yr
at the Creeping section, to 1.4+ 0.3 cm/yr at the Northwestern Parkfield section, to 0.6+ 0.3 cm/yr at the south-
eastern Parkfield section, and finally to ~0 cm/yr at the Cholame-Carrizo section>>!!. Additionally, two-colored

. electronic distance meters and InSAR time series analysis have revealed a temporal change of the creep rate along

. the Parkfield section during the same time period (notably an episodic creep acceleration between 1999 and 2000
at the location of the PKEQ epicenter'!). These transients creep indicate that the Parkfield section experienced an
irregular spatio-temporal strain release during the last decade preceding the PKEQ!"%3.
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Figure 1. Location map and acquisition geometry (T256) of the Parkfield section (orange), Cholame-Carrizo
section (purple) and the Creeping section (yellow). Position and name of the GPS stations of the USGS-Central
California Network are presented. The 2004 and the 1966 Mw6 earthquakes epicenters and focal mechanisms
associated are presented in red and blue respectively. The topography is derived from the SRTM. The location
of the San Andreas Fault Observatory at Depth is also presented (SAFOD). Note: only the San Andreas Fault is
presented here. Figure generated with Generic Mapping Tools (GMT 5.1.2, http://gmt.soest.hawaii.edu’®).

The post-seismic relaxation following the PKEQ has been documented through the use of global positioning
systems (GPS), InSAR, and seismological analyses. The seismicity distribution indicates that the post-seismic
relaxation affects a larger area than the co-seismic rupture trace, including the Creeping and Cholame sections.
Turner et al.' noticed a relative increasing rate of micro-seismicity (about 20%) between 2004 and 2007 with
respect to the mean rate calculated over the period from 1986-2011 along the first 20 km of the Creeping section
starting from the 1966 Parkfield Mw 6 epicenter (Fig. 1). This is often associated with an increase of the creep rate
at depth’>'6. In addition, the PKEQ has triggered non-volcanic tremors (NVTs, Fig. 1) at the transition between
the Parkfield and Cholame sections!”~'°, which are associated with slow slip events occurring at 20 km depth', or
viscoelastic relaxation of the lower crust in response to the PKEQ'3. These studies show that the PKEQ induced
long-term perturbations of crustal properties in the SAF zone at depth!”-2.

Geodetic studies also suggest that, following the PKEQ, the Parkfield section exhibits a complex
spatio-temporal behavior, including both after-slip mechanisms at shallow depths (between 0 and 20 km) and
viscoelastic relaxation at larger depths (more than 20 km). Moreover, the equivalent seismic moment released by
these mechanisms over the 5 years following the PKEQ is more than twice the one released during the PKEQ*-%°.
From the comparison between the average fault slip rate before and after the PKEQ derived from InSAR and
GPS (between the 1986-2004 and 2006-2011 periods) and seconded with numerical models, Barbot et al.!?
detected the presence of creep at depth south of the PKEQ epicenter at the transition between the Parkfield and
the Cholame sections, which might indicate the presence of a soft barrier at depth, acting as an efficient arrest to
earthquake ruptures for the Mwé earthquakes but allowing propagation of larger ruptures.

Significant insights into the fault properties have been provided from the analysis of the spatio-temporal evo-
lution of the transient deformations along the Creeping-Parkfield-Cholame sections. In complement to previous
studies in this area, here we intend to better characterize the spatio-temporal distribution of the shallow fault
displacement field after the PKEQ between 2005 and 2010.

Methods and Data Processing

We constructed both ERS2 and Envisat interferograms from raw Synthetic Aperture Radar (SAR) data, aiming
at producing mean deformation rates on annual time-spans. Processing is done via the GAMMA Software?. We
selected the descending track 256 for both ERS2 and Envisat (C-band, i2 mode, polarization V'V, frame n°2889,
Fig. 1). Barbot et al.'? processed Envisat data (track 256, frame 2889) to produce a mean deformation velocity
map around the Parkfield section between 2006 and 2010. In this study we focus on a longer period (2005-2010)
with a larger dataset, including additional Envisat ASAR and ERS2 acquisitions. Our dataset is composed of 37
raw images from ERS2 and 25 raw images from Envisat ASAR (Fig. 2). To increase the temporal data sampling,
we stack unwrapped interferograms jointly from ERS2 and Envisat data. Then, we derive the evolution of the
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Figure 2. Perpendicular baseline as a function of time for each periods (2005-2010, 2005, 2006-2007, 2008,
2009-2010). Blue dots and red dots represent Envisat and ERS2 acquisitions respectively. Blue lines and red
lines represent Envisat and ERS2 interferograms respectively. Figure generated with Generic Mapping Tools
(GMT 5.1.2, http://gmt.soest.hawaii.edu’®).

along-fault creep distribution per sub-period instead of a full-period times-series analysis, such as the one pro-
posed by de Michele et al.''. We co-register both ERS2 and Envisat Single Look Complex images upon one unique
geometric model. Then we compute ERS2 and Envisat interferograms separately. Once the interferograms are
computed and multilooked (2 in range and 10 in azimuth), orbital and topographic fringes are removed using
precise orbital information and Shuttle Radar Topography Mission (SRTM) at 30 m resolution per pixel.

Two major biases can affect SAR interferograms when dealing with tectonic analyses. Firstly, non-stationary
tropospheric SAR signal delay can add an undesired InSAR signal component. This delay can be correlated to
topography, in which case it can be modeled and removed by linear regression with a digital elevation model
(SRTM). Data stacking is also an effective way to reduce the non-topography-related atmospheric noise. Secondly,
random temporal changes on the surface of the Earth can reduce the signal to noise ratio (snr), which we refer to
as SAR signal coherence. Therefore, a spatial filter is applied to the wrapped interferograms to increase the snr?’
and facilitate the interferogram unwrapping procedure performed using the minimum cost flow algorithm?%%.
We mitigate the atmospheric bias for each interferogram by estimating a linear phase trend with respect to the
elevation model that we remove from each interferogram?’. We initially calculate about 400 interferograms, most
of which present low signal coherence, either due to temporal changes on the surface or to geometric signal
decorrelation. As a further step, to avoid the use of low signal coherence interferograms, we perform a visual
inspection. Among the total number of computed interferograms, we select 43 coherent interferograms that we
use for further analyses. This significant loss of data is mainly due to poor signal coherence, mainly generated by
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random temporal changes in the vegetation cover, and/or persistent widespread atmospheric bias, notably at the
location of the Creeping section area.

We derive the spatio-temporal evolution of the ground velocity distribution along the fault trace by stacking
unwrapped interferograms from both ERS2 and Envisat. We define 5 periods of interest depending on the data
availabilities (Fig. 2). We present 5 different data stacks. We calculate: (1) the whole study period from 2005 to
2010 (43 interferograms, 20 ERS2 - 23 Envisat); (2) the year 2005 (8 interferograms, 5 ERS2 - 3 Envisat); (3)
the period from 2006-2007 (9 interferograms, 4 ERS2 - 5 Envisat); (4) the year 2008 (19 interferograms, 10
ERS2 - 9 Envisat); (5) the period from 2009-2010 (8 interferograms, 2 ERS2 - 6 Envisat). Although the tem-
poral distribution of the interferograms does not perfectly match the time intervals as previously defined, each
sub-period contains enough different sets of independent interferograms. As an exception, the 2005 and the
2006-2007 periods contain 1 common ERS2 interferogram, for the sake of snr improvement. This processing
allowed us to derive the time evolution of ground deformation in the near field of the fault between 2005 and
2010, per sub-periods. The stacking method is performed in radar geometry. The results are then geo-referenced.
Afterwards, we fit the InSAR signal to the GPS reference frame. The InSAR-GPS ramps in each stack are fixed by
removing a ramp model built from the difference between InSAR values in line of sight geometry (LOS) and GPS
velocities (Central California GPS database, USGS) converted from north-east-up components (ITRF2008) to
LOS (L_north=0.092, L_east=—0.379, L_up=—0.921).

We use the COSI-Corr?®! «Stacking Profile tool» to extract the velocity offsets across the fault from the stacked
interferograms. The COSI-Corr Stacking Profile tool performs a linear regression on the InSAR stack profiles
at each side of the fault trace, yielding one offset value at each measured location. We took measurements at
less than 1km apart from the fault trace all along the fault line as suggested in de Michele et al.'! for this spe-
cific area (~2km across fault baseline equivalent). The ground velocity offsets across the fault are then projected
along strike and compared with creep-meter values over the same time period (available from USGS website).
Creep-meter devices consist of two piers spaced 30-60 m apart and located on opposite sides of the fault con-
nected to each other by a wire*2. The cumulative horizontal along strike displacement is derived from the time
evolution of the angle of the wire from the strike of the fault. From this cumulative displacement, we extracted
creep rate per sub-period (the same sub periods as the interferogram stacks). As a simplification, we assume that
the fault displacement at less than 1km from the fault line is mainly due to pure strike-slip displacement. This
assumption is roughly corroborated from a preliminary analysis of the available GPS time series. The velocity
distribution along the fault derived from InSAR is converted from rad/yr (LOS) to cm/yr (strike-slip dextral
motion). This assumption allows us to make the comparison between InSAR and creep-meters easier.

As a final step, all data are referenced to station P538 (set to 0 cm/yr), as P538 station is both close to the fault
line and steady through time (see top picture, Fig. 3).

Results

SNR analysis (Stacks overview). The 5 stacks are presented in Fig. 3. For the period of 2005-2010, ERS2 and
Envisat stack shows a clear bimodal velocity distribution, indicating dextral shear between the North American plate
and Pacific plate as expected in this area. However, this bimodal velocity distribution is more roughly observable
for all sub-period (i.e. sub-periods 2005, 2006-2007, 2008, and 2009-2010). Indeed, we highlight that some sub-pe-
riod stacks are more affected by atmospheric bias and noise because they are constructed from a lower number of
interferograms. This can be seen around the westward limit of the Creeping section (see Fig. 3). Nonetheless, the
local offset measured in the near field of the fault should still be considered as an interpretable measure. This is
because, while InSAR local signal coherence might affect the precision on the offset measurements, we can exclude
atmospheric biases at this very local scale. We report that, the 2009-2010 stack contains an unwrapping error at the
location of the 2004 earthquake epicenter. Therefore, interpretations at this specific location shall be taken carefully.

To further investigate the InSAR data reliability and evaluate our pure horizontal fault motion hypothesis
mentioned above, we compare InSAR data and GPS for each period using a profile across the Parkfield section,
more densely covered by GPS stations (Figs 3 and 4). Firstly, the GPS velocities are projected on the LOS and
then converted in strike-slip geometry following the same procedure applied to our InSAR data (case-1, red
circles, Fig. 4). Secondly, as a proxy to evaluate the pure strike fault motion hypothesis, we compare the InSAR in
strike-slip geometry with the fault strike component of the GPS horizontal velocities (case-2, blue circles, Fig. 4).
Qualitatively, from the visual comparison between InSAR and GPS (Fig. 4) one can observe the good fit between
the two, especially for the 2005-2010 period. Nonetheless, some differences between GPS case-1 and case-2 can
be noticed in 2005 at the location of MIDA station (Fig. 4). We speculate that this difference might be due to the
vertical or horizontal fault-normal components of the ground deformation that affects our fault motion hypoth-
esis at this location in 2005. However, we do not observe other significant differences between the GPS (red dots)
and the pure along strike fault motion derived from the GPS (blue dots) for other sub-periods. Additionally,
from the analysis of the root mean square error (rmse) between the InSAR profiles in Fig. 4 and the GPS strike
component velocities (blue dots), we observe a good agreement between the two. Precisely, we assessed a rmse
of 0.27 cm/yr for the 2005-2010 period; 1.74 cm/yr for the 2005 period; 0.72 cm/yr for the 2006-2007 period;
0.42 cm/yr for the 2008 period; and 0.31 cm/yr for the 2009-2010 period, which, compared to the total amount of
near field surface offset measured per sub-period (Fig. 4), might be considered a good score.

The high spatial resolution (about 50 m per pixel) allows us to derive a detailed along fault evolution of the
surface creep rate (Fig. 5). The across-fault offsets (within 1 km of the fault) extracted from each sub-period stack
are reported along the fault, according to the distance from A to B (Fig. 5). For each sub-period, we compare each
InSAR profile to the creep-meter rate and to the 1992-2004 inter-seismic along-fault velocity profile derived
by de Michele et al.!! (blue line). From the comparison between the spline interpolation (black line) and the
measured offset (red cross) we can assess the snr of the systematic velocity offset extraction procedure that we
used. While we observe a good snr between the offset measurements with respect to the spline interpolation for
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Figure 3. Stacked interferograms according to the 5 periods between 2005 and 2010. PA and NA reference

the Pacific Plate and the North American plate respectively. Velocity fields are presented in cm/yr in strike-slip
geometry. Top figure represents the SAF geometry with the Creeping section (yellow), the Parkfield section
(orange) and the Cholame-Carrizo section (purple). The black inner rectangle indicates the area of profiles

in Fig. 4. The location of permanent GPS stations from the Central California Network with the horizontal
velocity vectors are also presented. The GPS and InSAR reference velocity if the P538 GPS station. To avoid data
saturation, the color scale bars are adapted accordingly to the data range variability.

the 2005-2010, 2006-2007, 2008, and 2009-2010 periods, the 2005 period seems to be affected by a lower snr.
However, we observe that all the velocity profiles spatially mimic the broad SAF segmentation at the Parkfield (i.e.
transitional creeping behavior) and Cholame (i.e. locked behavior) sections.

Finally, to better visualize the creep evolution with time, we split the fault trace into 10 subsections, each 10km
long (Fig. 6). We referenced them from “a” to “j” along the Creeping, Parkfield, and Cholame sections of the SAF.
For each subsection and sub-period, we focus our attention on the comparison between the mean creep rate evo-
lution with respect to the inter-seismic references from Ryder et al.? for the Creeping section and from de Michele
et al.'! for the Parkfield and Cholame sections. As shown in Figs 5 and 6, the surface creep rate along the three
sections of the SAF exhibits a complex spatio-temporal evolution following the PKEQ.

Observations for each sub-period and sub-sections
The Creeping section. Northwest of the Parkfield section, the 20 km of the Creeping section included in
our analysis experienced an irregular evolution of the surface creep rate following the PKEQ (Figs 5 and 6ab). In
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Figure 4. Across fault profiles, 25 km long and 10 km width, derived from the stacked interferograms (Fig. 3,
black rectangle) for each periods and comparison with the GPS data. PA and NA reference the Pacific Plate

and the North American plate respectively. Grey dots represent InSAR values in fault strike geometry and

black lines their spline interpolation. The red dots present the GPS velocities converted from north-east-up
components to LOS and to fault strike geometry in order to allow reliable comparison with InSAR derived
estimations. Blue dots present the GPS horizontal fault strike component (case 2). The Root Mean Square Error
(RMSE) is estimated between InSAR and GPS (case 2). To avoid data saturation, the vertical scales were adapted
accordingly to the data range variability.

2005, the surface creep rate reached about 4 & 1 cm/yr at Slack-Canyon, which is twice the inter-seismic reference
values'!. Then it decelerates in 2006-2007 to reach the inter-seismic values (about 2+ 1 cm/yr at Slack-Canyon).
After an acceleration period in 2008 (about 3 & 0.5 cm/yr at Slack-Canyon), it falls to the inter-seismic reference
values in 2009-2010 (about 1.5+ 0.5 cm/yr). Since the 2009-2010 stack is affected by the lower snr at this loca-
tion, the creep velocity might be under-estimated. This irregular spatio-temporal evolution of the shallow creep is
likely due to the stress field perturbation induced by the PKEQ propagating towards the Creeping section.

The Parkfield section. Following the PKEQ, the Parkfield section experienced a gradual spatio-temporal
decrease in creep rate more typical of a post-seismic relaxation (Figs 5 and 6¢,d,e). The highest creep perturbation
occurs in 2005, where the creep rate reaches about 7 £ 1.5 cm/yr at the Taylor-Ranch location. This is the highest
value that we have measured in this study, consistent with creep-meter measurements at this location. We esti-
mate a mean creep rate during 2005. However, creep at Taylor-Ranch could have been higher in the earlier stage
of the post-seismic period starting at the end of 2004, as suggested by Johanson et al.?!. Creep gradually decel-
erates to 54 1 cm/yr in 2006-2007, 2.5 £ 0.5 cm/yr in 2008, and finally 2+ 0.5 cm/yr in 2009-2010. The spatial
distribution of surface creep is not homogeneous all along the length of the Parkfield section (Fig. 5). The central
part of the Parkfield section presents the highest variation in amplitude ranging from 7 + 1.5 cm/yr in 2005 to
240.5cm/yr in 2009-2010. The Northwestern part shows creep rate values similar to the ones measured in the
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Figure 5. Along fault surface creep rate for each periods derived from InSAR (red cross) with spline
interpolation (black lines) and comparison with creep-meters white (squares) and interseismic creep rate (blue
lines) extracted by de Michele ef al.'* between 1993 and 2004. The top figure presents the fault geometry (yellow:
Creeping section, orange: Parkfield section, purple: Cholame-Carrizo section) with creep meters positions and
names: Slack-Canyon (SC), Middle-Montain (MM), Middle-Ridge (MR), Varian (VA), Parkfield (PK), Taylor-
Ranch (TR), Work-Ranch (WR), Carr-Ranch (CR), Gold-Hill (GH), HighWay-46 (HW46). The 2004 coseismic
surface rupture length is indicated following Rymer et al.. The location of the San Andreas Fault Observatory
at Depth is also presented (SAFOD).

Creeping section. Moreover, during 2008, we observe important lateral variations in the creep rate distribution
between Middle-Mountain and Gold-Hill (Fig. 5).

The Cholame section. In 2005 at the Parkfield-Cholame transition section, surface creep sharply decreases
from 5+ 1.2 cm/yr at the Gold-Hill location to £ 0.5 cm/yr at km 60 (Fig. 5). We observe a similar behavior in
2006-2007 (5£ 0.5 cm/yr at Gold Hill, 1 +0.5 cm/yr at kilometer 60), but the transition zone seems to extend a
few km southeastward compared to 2005 (Fig. 5). We infer that the surface creep has decayed toward the Cholame
section likely due to the presence of a stronger section of the fault or a change of fault friction properties between
the Parkfield and Cholame sections. The Cholame section shows shallow creep in 2005 and 2006-2007 (Fig. 6f,g)
along its first 20 km from the 2004 PEQ epicenter. Creep accelerated up to 2+ 0.5 cm/yr during the 2005 and
2006-2007 periods, before falling to the inter-seismic reference values in 2008 (about £ 0.2 cm/yr). Except for the
presence of a burst of creep of about 1+ 0.2 cm/yr, localized at km 65 in 2005 and 2006-2007 (Figs 5 and 6g), we
do not detect any surface creep signature far from km 70 along the fault during the study period.

Discussion
From the combined stacks of ERS and Envisat SAR interferograms, we measure the transient surface creep at the
Creeping, Parkfield, and Cholame sections of the SAF during the 5 years following the 2004 earthquake. Based
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Figure 6. Time evolution of the shallow creep rate along the Creeping, Parkfield, Cholame sections (cm/yr). The
Four periods (2005, 2006-2007, 2008, 2009-2010) are represented as the time error bars. The mean creep velocity
is assessed every 10 km from the InSAR along fault creep rate profils (see Fig. 5) and the standard deviation is
presented as vertical error bars. The location of each plot is referenced by a letter from « a » to « j » according to the
top picture Fig. 5. The interseimic mean creep is indicated by the top edge of the grey rectangles (values derived
from Ryder et al.® and de Michele et al.'). The bold dark vertical line symbolizes the date of the PKEQ.

on previous studies, such transients in the surface creep signal were not detected during the 10 years prior to the
PKEQ. These observed perturbations are characterized by both high spatial variability (with large creep values
up to ~7 4 1.5cm/yr in 2005) and a complex temporal evolution with oscillatory like behavior. They extend from
Slack-Canyon (Creeping section) to the first 10 km of the Cholame section (Fig. 5a—g), making the total portion
of the SAF perturbed after the PKEQ about twice the fault rupture length reported by Rymer et al.*® for the
coseismic. This observation is in agreement with the work of Turner et al.'¥, who state that the PKEQ could have
affected the Creeping section further northwest, resizing the total affected fault length at depth. Additionally, the
surface creep along the first 20 km from the PKEQ epicenter toward the Cholame section in 2005 and 2006-2007
detected in this study might corroborate the presence of a soft barrier at the Parkfield-Cholame transition zone'*.

We speculate that this oscillatory spatio-temporal behavior of the SAF might be due to a complex combination
of PKEQ postseismic lower crust relaxation mechanisms in addition to the rate-and-state frictional fault behavior
in response to the local or distant tectonic and/or non-tectonic sources of stress-change that radiate along the
SAF. However, the relation between the shallow fault motion and deep fault motion is not yet clear and it still
represents a scientific debate. The geological and structural complexity of the shallow depth crust shall be the
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set of additional phenomena that should be investigated further before any conclusion can be made on the fault
properties from these data. Notably, we do not observe, for the central Parkfield segment, a convergence between
the creep measurements of this study and the mean creep rate distribution documented by de Michele et al.'?,
even in 2009-2010, almost 6 years after the PKEQ. It is difficult to conclude if that is due to a long term change
of the fault frictional properties or if this lasting transient creep is just part of more complex seismic cycle strain
loading/release processes not yet fully documented. There is the possibility that these shallow transients along
the analyzed segments might be somehow related to the fault at depth. These relations should be investigated in
further studies. Nonetheless, the mapping of the transient deformations on the SAF along these three sections
might bring constraints on the charge-discharge cycle of the fault system and perhaps give some hints to the
understanding of the Parkfield earthquake sequence variability.

Creep meter arrays initially appear to be good candidates for such monitoring, as they present both a long time
recording (from the 60's to now) and high sampling rate of the ground deformation. However, while we observe
that the midterm spatio-temporal trend between InSAR and the creep meters is similar (see Fig. 5, 2005-2010
period), when it comes to short term measurements, creep meter estimates might become less reliable in terms of
fault motion. As shown in the San Francisco Bay area faults, creep meters might undergo short term rate changes
due to various sources of environmental changes®. We also speculate that this difference might be exacerbated by
the difference between the creep-meter across fault baseline scale (~60 m) and the ~2km across fault baseline in
InSAR (see Fig. 4). In other words, despite the ability of creep-meter devices to sample the fault creep rate with a
high frequency, they are limited to fully constraining the amplitude of the surface creep rate for short periods and
for small across fault deformation gradients compared to the InSAR or GPS techniques. The use of the combined
present day SAR missions, such as the Sentinels 1A/1B (and future missions such as the Sentinels 1D and 1E),
thanks to their high revisit time and large spatial coverage, might fulfill the monitoring needs as a complement to
ground measurements from field investigations and permanent GPS stations.

In this study we made the hypothesis of purely strike slip horizontal fault motion to favor the comparison
between InSAR and the creep-meter array. This hypothesis is corroborated by the good agreement between fault
strike GPS velocities components and InSAR data. However, previous GPS based studies over the central por-
tion of the SAF highlighted complex 3 dimensional deformations patterns around the fault’>. Consequently, this
hypothesis needs to be verified further, maybe using recent InSAR based technics, such as Multiple Aperture
Interferometry, and combining ascendant descendent InSAR acquisitions.

Conclusions

By combining ERS2 and Envisat interferograms, we could improve the spatio-temporal sampling of the surface
creep evolution for the Creeping-Parkfield-Cholame sections of the SAF, between 2005 and 2010. This methodo-
logical improvement, along with the high spatial resolution of the SAR interferograms, allowed us to estimate a map
of the near field SAF surface displacement after the PKEQ. These measurements suggest the presence of transient
surface deformations on this complex section of the SAF that contrast both in amplitude and distribution with
what was documented during the 10 years prior to the PKEQ with InSAR. We observe that, after the PKEQ, the
shallow creep rate on the Creeping, Parkfield, and Cholame sections has been highly affected from 2005 to 2010,
with surface creep values reaching up to 7 £ 1.5 cm/yr with an oscillatory like spatio-temporal evolution that reveal
a complex and not steady behavior of the SAF on the Creeping, Parkfield, and Cholame sections. In these terms, the
measurement of the near field surface fault motion with a high spatio-temporal resolution appears as the first step
in the improvement of our understanding of the geophysical process driving the surface faults kinematics behavior.
This leads to the fact that monitoring both the long-term shallow fault motion and transient surface creep rate all
along the Creeping, Parkfield, and Cholame sections still presents a primary scientific interest. In these terms, future
geodetic based studies in this area shall benefit from the use of combined present day SAR missions, such as the
European Sentinels 1A/1B missions (and future missions such as the Sentinels 1D and 1E).

References
1. Titus, S. J., DeMets, C. & Tikoff, B. Thirty-five-year creep rates for the creeping segment of the San Andreas Fault and the effect of
the 2004 Parkfield earthquake: Constraints from alignment arrays, continuous global positioning system and creep-meters. Bulletin
of the Seismological Society of America 96, 4B, pp $250-5268 (2006).
2. Rolandone, F. et al. Aseismic slip and fault normal strain along the central creeping section of the San Andreas Fault. Geophysical
Research Letter 35, 1.14305 (2008).
3. Ryder, I. & Biirgmann, R. Spatial variations in slip deficit on the central San Andreas Fault from InSAR. Geophysical Journal
International 175, 837-852 (2008).
4. Jolivet, R. et al. Aseismic slip and seismogenic coupling along the central San Andreas Fault. Geophysical Research Letters 42(2),
297-306 (2015).
5. Khoshmanesh, M., M. Shirzaei & R. M. Nadeau Time-dependent model of aseismic slip on the Central San Andreas Fault from
InSAR time series and repeating earthquakes, J. Geophysical Research. Solid Earth, 120 (2015).
6. McEvilly, T. V., Bakun, W. H. & Casaday, K. B. The Parkfield, California earthquake of 1966. Bulletin of Sismological Society of
America 57(6), 1221-1244 (1967).
7. Sieh, K. E. Slip along the San Andreas Fault associated with the great 1857 earthquake. Bulletin of the Sismological Society of America
68(5), 1421-1448 (1978).
8. Zielke, O., Arrowsmith, J. R., Ludwig, L. G. & Akgiz, S. O. Slip in the 1857 and earlier large earthquakes along the carrizo plain san
andreas fault. Science 327, 1119-1122 (2010).
9. Bakun, W. H. et al. Implicatons for the prediction and hazard assessment from the 2004 parkfield earthquake. Nature 437, 969-974
(2005).
10. Bakun, W. H. & Lindh, A. G. The parkfield, california, earthquake prediction experiment. Science 229, 4714 (1985).
11. De Michele, M. D. et al. Spatiotemporal evolution of surface creep in the parkfield region of the san andreas fault (1993-2004) from
synthetic aperture radar. Earth and Planetary Science Letters 308, 141-150 (2011).
12. Barbot, S., Agram, P. & de Michele, M. Change of apparent segmentation of the san andreas fault around parkfield from space
geodetic observations across multiple periods. Journal of Geophysical Research 118, 6311-6327 (2013).

SCIENTIFICREPORTS | (2018) 8:6032 | DOI:10.1038/s41598-018-24447-3 9



www.nature.com/scientificreports/

13. Gao, S. S, Silver, P. G. & Linde, A. T. Analysis of deformation data at Parkfield, California: Detection of a long-term strain transient.
Journal of Geophysical Research 105(B2), 2955-2967 (2000).

14. Turner, R. C., M. Shirzaei, R. M. Nadeau & R. Biirgmann Slow and Go: Pulsing Slip Rates on the Creeping Section of the San
Andreas Fault. Journal of Geophysical Research Solid Earth, 120 (2015)

15. Gans, C. R, Furlong, K. P. & Malservisi, R. Fault creep and microseismicity on the hayward fault, california: Implication for asperity
size. Geophysical Research Letters 30, 19 (2003).

16. Bouchon, M. et al. Extended Nucleation of the 1999 M_w 7.6 Izmit Earthquake. Science 331, 877-880 (2011).

17. Brenguier, E, Campillo, M., Hadziioannou, C. & Nadeau, R. M. N. M. S, and Larose, E. Postseismic relaxation along the san andreas
fault at parkfield from continuous seismological observations. Science 321, 1478-1481 (2011).

18. Nadeau, R. M. & Guilhem, A. Nonvolcanic Tremor Evolution and the San Simeon and Parkfield, California, Earthquakes. Science
325(no. 5937), 191-193, https://doi.org/10.1126/science.1174155 (2009).

19. Guilhem, A. & Nadeau, R. M. Episodic Tremors and Deep Slow-slip Events in Central California. Earth and Planetary Science
Letters (2012).

20. Bruhat, L., Barbot, S. & Avouac, J.-P. Evidence for postseismic deformation of the lower crust following the 2004 mw 6.0 parkfield
earthquake. Journal of Geophysical Research 116 (2011).

21. Johanson, I. A,, Fielding, E. J., Rolandone, F. & Biirgmann, R. Coseismic and postseismic slip of the 2004 parkfield earthquake from
space-geodetic data. Bulletin of the Sismological Society of America 96(4B), S269-5282 (2006).

22. Johnson, K. M., Biirgmann, R. & Larson, K. M. Frictional properties on the san andreas fault near parkfield, california, inferred from
models of afterslip following the 2004 earthquake. Bulletin of the Sismological Society of America 96(4B), $321-S338 (2006).

23. Langbein, J., Murray, J. & Snyder, H. A. Coseismic and initial postseismic deformation from the 2004 Parkfield, California,
earthquake, observed by Global Positioning System, creep-meters, and borehole strainmeters. Bull. Seism. Soc. Am. 96(4B),
$304-5320 (2006).

24. Murray, J. & Langbein, J. Slip on the san andreas fault at parkfield, california, over two earthquake cycles, and the implications for
seismic hazard. Bulletin of the Sismological Society of America 96(4B), S283-S303 (2006).

25. Freed, A. M. Afterslip (and only afterslip) following the 2004 parkfield, california, earthquake. Geo- physical Research Letters
34(L06312), 5 (2007).

26. Wegmiiller, U., Werner, C.L. GAMMA SAR processor and interferometry software. Proceedings, 3rd ERS Scientific Symposium,
Florence, Italy, March 17-20 (1997).

27. Goldstein, R. M. & Werner, C. I. Radar interferogram filtering for geophysical applications. Geophysical Research Letters 25(21),
4035-4038 (1998).

28. Costantini, M. & Rosen, P. A. A generalized phase unwrapping approach for sparse data. Geoscience and Remote Sensing
Symposium, IGARSS 1, 267-269 (1999).

29. Werner, C., Wegmiiller, U., Strozzi, T. Processing strategies for phase unwrapping for InSAR applications. Proceedings, EUSAR
Conference, June 4-6, Cologne, Germany, unpaginated CD-ROM (2002).

30. Doin, M.-P, Lasserre, C., Peltzer, G., Cavalié, O. & Doubre, C. Corrections of stratified tropospheric delays in SAR interferometry:
Validation with global atmospheric models. Journal of Applied Geophysics 69, 35-50 (2009).

31. Leprince, S., Barbot, S., Ayoub, E. & Avouac, J.-P. Automatic and precise orthorectification, coregistration and subpixel correlation
of satellite images, application to ground deformation measurements. IEEE Transaction on Geoscience and remote sensing 45(6),
1529-1558 (2007).

32. Lienkaemper, J. ]., Baker, B. & McFarland, F. S. Surface slip associated with the 2004 parkfield, california, earthquake measured on
alinement arrays. Bulletin of the Sismological Society of America 96(4B), $239-2249 (2006).

33. Rymer, M. J. III et al. Surface fault slip associated with the 2004 Parkfield, California earthquake. Bulletin of the Sismological Society
of America 96(4B), S11-S27 (2006).

34. Shirzaei, M., R. Biirgmann & E. J. Fielding Applicability of Sentinel-1 Ter rain Observation by Progressive Scans multitemporal
interferometry for monito ring slow ground motions in the San Francisco Bay Area, Geophysical Research Letters (2017)

35. Wessel, P, Smith, W. H. E, Scharroo, R., Luis, J. & Wobbe, F. Generic mapping tools: improved version released. Eos 94, 409-410
(2013).

Acknowledgements

This study was funded by CNES (Centre National d’Etudes Spatiales) and BRGM. (Bureau de Recherches
Géologiques et Miniéres, France). Data were provided by the European Space Agency via the CAT-1 research
proposals. GPS and creep meter data were downloaded from the USGS website. Figures were generated with
GMT 5.1.2 (http://gmt.soest.hawaii.edu) and Gnuplot. We are thankful to Sylvain Barbot for useful discussions
and two anonymous reviewers for their suggestions to improve the manuscript.

Author Contributions

G.B.: Performed the data processing, wrote the main manuscript, and prepared the figures. M.d.M., ER., D.R.:
Contributed to the text writing G.B., M.d.M., D.R,, H.A., ER.: Reviewed the manuscript and performed the
interpretation.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:6032 | DOI:10.1038/s41598-018-24447-3 10


http://dx.doi.org/10.1126/science.1174155
http://gmt.soest.hawaii.edu
http://creativecommons.org/licenses/by/4.0/

	Shallow deformation of the San Andreas fault 5 years following the 2004 Parkfield earthquake (Mw6) combining ERS2 and Envis ...
	Transient Deformations at Parkfield Section

	Methods and Data Processing

	Results

	SNR analysis (Stacks overview). 

	Observations for each sub-period and sub-sections

	The Creeping section. 
	The Parkfield section. 
	The Cholame section. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Location map and acquisition geometry (T256) of the Parkfield section (orange), Cholame-Carrizo section (purple) and the Creeping section (yellow).
	Figure 2 Perpendicular baseline as a function of time for each periods (2005–2010, 2005, 2006–2007, 2008, 2009–2010).
	Figure 3 Stacked interferograms according to the 5 periods between 2005 and 2010.
	Figure 4 Across fault profiles, 25 km long and 10 km width, derived from the stacked interferograms (Fig.
	Figure 5 Along fault surface creep rate for each periods derived from InSAR (red cross) with spline interpolation (black lines) and comparison with creep-meters white (squares) and interseismic creep rate (blue lines) extracted by de Michele et al.
	Figure 6 Time evolution of the shallow creep rate along the Creeping, Parkfield, Cholame sections (cm/yr).




